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Abstract
For pre-combustion CO2 capture in the natural gas combined-cycle power plant, Pd membrane reactors are a promising 
option. A bench-scale multi-tube membrane reactor has been built in ECN and successfully demonstrated the operation 
for WGS-mixture separation and WGS reaction test with 3 Pd membranes of approx. 5.6 μm thick and 44 cm long in 
parallel configuration. Both tests were investigated with the following mixture: 4.0% CO, 19.2% CO2, 15.4% H2O, 
1.2% CH4 and 60.1% H2, representing the (623 K equilibrium shifted) reformate gas from an oxygen-fed autothermal 
reformer followed by a shift-reactor, under practical working conditions: T = 673 K, pfeed = 20-35 bar(a), pperm = 15 
bar(a). In the separation test, the inhibition effect o f this WGS-mi xture resulted in an overall hydrogen permeation drop 
of approx. 20% compared to H2/N2 mixtures with the same H2 concentration, which enhanced with increasing feed 
pressure. In the WGS reaction test, the maximum CO conversion and H2 recovery were both achieved as 92% at a 
feed/permeate pressure of 35/15 bar(a), which is favourable for CO2 capture.
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1. Introduction
Due to environmental issues, CO2 capture and storage have received more and more attentions recently. 
As a highly hydrogen-selective membrane, Pd membrane shows a great potential for H2 production and 
CO2 capture when integrated in the WGSmembrane reactor, where the chemical reaction and H2/CO2
product separation can be carried out at the same time [1]. The reaction equilibrium is shifted towards the 
product side due to the removal of H2. The main reaction existing in the WGS membrane reactor is as 
following:
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CO + H2O ⟷ CO2 + H2, ΔH0 = − 41.2 kJ/mol                                                                                            (1)
When combined in a natural gas combined cycle (NGCC) power plant, these reactors allow for power 
production from the hydrogen stream while simultaneously CO2 is captured at the retentate side becoming
available for underground storage [1]. Figure 1 shows the general layout of a power plant with a membrane 
water-gas shift reactor (M-WGS), which is downstream of an ATR (Autothermal R eformer) and a pre-shift 
reactor. Since the CO concentration is already very low downstream the shift reactor, typically 4% [2], an 
alternative configuration for M-WGS reactor is to move the catalyst from the feed side of the reactor to a 
separate upstream packed bed WGS reactor (hence changing the membrane reactor into a membrane
separator ) and use multiple stages of WGS reactors and separators in series instead.
Figure 1: General layout of a power plant with a membrane water-gas shift reactor (M-WGS).
Recently, a bench-scale multi-tubular membrane reactor PDU (process development unit) has been built 
at ECN, which can accommodate up to 8 membranes of 44 cm long in parallel configuration and can be 
operated up to 40 bar(a) and 873 K [3]. The scale of the membrane tests in term of hydrogen production 
capacity, typically 8.5 m3/h product H2, exceeds typical lab scale testing by orders of m agnitude and 
provides an important step towards full scale demonstration of the membrane technology and industrial 
application. The schematic diagram of this setup is shown in Figure 1. There is an overview o f 
development activities in ECN provided by Dijkstra et al. [4], and in this paper we will focus on membrane 
characterization.
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Figure 2: Schematic overview of PDU (process development unit), composed of test rig and membrane 
reactor.
The objective of this study is to examine WGS-mixture separation test (without catalyst) and WGS 
reaction test (with catalyst) in the bench-scale multi-tubular membrane reactor under near practical 
conditions for NGCC. It has been found that the presence of CO and CO2 in the feed gas inhibits the H2
permeation of the membrane. In the separation test, the inhibition effect of WGS-components was 
examined together or individually by comparing the H2 flux of WGS-mixtures and H2/N2 mixtures with 
same amount H2 under different feed pressures. In the shift test, the CO conversion and H2 recovery were 
investigated under different feed pressures and feed flow rates to get some insight about the feasibility for 
CO2 capture. 
2. Experimental
The Pd membranes were prepared on ECN alumina supports by electroless plating at Dalian Institute of 
Chemical Physics (DICP, China) after applying a DICP-proprietary support modification as described in 
[5], and then fitted with ECN proprietary metal-graphite compression sealings as described in [6]. Three Pd 
membranes were used in this study, all with a thickness of approx. 5.6 μm and a length of 44 cm and a total 
membrane surface area of 580.6 cm2. They were fixed within three reactor tubes in parallel configuration. 
The WGS-mixture separation test was fi rst carried out without filling catalyst in the reactor tubes, with the 
following mixture: 4.0% CO, 19.2% CO2, 15.4% H2O, 1.2% CH4 and 60.1% H2,  representing the (623 K
equilibrium shifted, negative equilibrium conversion at 673 K) reformate gas from an oxygen-fed 
autothermal reformer followed by a shift -reactor, under near practical working conditions: T = 673 K, pfeed
= 20-35 bar(a), pperm = 15 bar(a). In this study, the inhibition effect of WGS-components was examined
together or individually by comparing the H2 flux of WGS-mixtures and H2/N2 mixtures (with the same 
amount of H2) under different feed pressures. The WGS-mixture separation test lasted for 23 days, and at 
the end of the separation test the selectivity of the 3 membranes was still good enough and thus they were 
filled up with noble metal WGS catalyst for WGS reaction test under the same conditions mentioned 
above.  
3. Results and discussion
For a multi -tubular membrane reactor, the gas distribution among different membranes is crucial as it is 
decisive towards the membrane performance. In this study, the gas distribution was examined by 
measuring the gas compositions both in the retentate and permeate side of the three membrane tubes with 
two different mixtures: 30 l/min H2/N2 and 90 l/min WGS-mixture, and a N2 counter-current sweep flow of 
19.6 l/min. It was found that the gas compositions were almost the same among the three membranes with 
a relative difference of only within 8% (as shown in Figure 3 and Figure 4), indicating a homogeneous gas 
distribution based on the similar permeation characteristics of the three membranes.
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Figure 3: The gas composition for the H2/N2 mixture in both the retentate and permeate side among the 
three membrane tubes at a feed/permeate pressure of 31/15 bar(a) and feed/sweep flow rate of 30/19.6 
l/min (N2 sweep was used).
Figure 4: The gas composition for the WGS-mixture in both the retentate and permeate side among the 
three membrane tubes at a feed/permeate pressure of 27/15 bar(a) and feed/sweep flow rate of 90/19.6 
l/min (N2 sweep was used).
It can be seen from Figure 5 that, the pure H2 permeance of the 3 Pd membranes remained stable for 23 
days in the separation test and for 27 days in the shift test. In addition the pure H2 permeance increased 
from 8.0 ! 10-7 mol/m2.s.Pa at the end of separation test to 1.2 !10-6 mol/m2.s.Pa at the beginning of shift 
test. In contrast, the pure N2 permeance of the 3 membranes remained unchanged as 2.6 ! 10
-9 mol/m2.s.Pa 
before and after filling up with catalyst, indicating there was no damage on the membrane during the 
loading process. Thus the increase of pure H2 permeance can be probably ascribed to the oxidation of the 
membrane surface resulted from the small amount of oxygen taken into the feed side during the loading of 
catalyst which has been found to be able to oxidize the Pd membrane surface and thus increase the H2
permeance of the membrane [7].    
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Figure 5: The pure H2 permeance measured during the separation test (black square) at a feed/permeate 
pressure of 15/5 bar(a) and during the shift test (red cycle) at a feed/permeate pressure of 15/8 bar(a).
In the separation test, the inhibition effect of WGS-components, i.e. CO/CO2/CH4/H2O was examined 
together or individually by comparing the H2 flux of WGS-mixtures with that of H2/N2 mixtures with the 
same H2 concentration. The H2 flux from WGS-mixtures is denoted as FW, while that of H2/N2 mixtures is 
denoted as FN. The relative fl ux difference (FN−FW)/FN provides a simple measure for the influence of 
WGS-components on the H2 permeation of the membrane. If the value of (FN− FW)/FN approaches zero, 
then the WGS-components added in the feed have a negligible effect on the H2 permeation beyond those 
exerted by the inert N2. Figure 6 shows that FN and FW both increased significantly with increasing feed 
pressure when the feed flow rate was fixed at 90 l/min. The FW was always lower than FN and their flux 
difference (FN−FW)/FN increased steadily with the increase of feed pressure, which varied within 0.16-0.24
in the whole range. The lower value of FW indicated that the WGS-components inhibited the H2 permeation 
through the three membranes at 673 K, which can be ascribed to be the competitive adsorption of CO and 
CO2 on the membrane surface (H2O was suggested to be non-inhibitive in the study, see below). It can also 
be seen that the flux difference was steadily increased with increasing feed pressure, showing an enhanced 
inhibition effect at higher feed pressure. This can be related to increasing partial pressures of CO and CO2
in the retentate due to the increase in total pressure and to the increase in H2 recovery.
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Figure 6: Feed pressure dependence of H2 permeation flux of WGS-mixtures (FW), H2/N2 mixtures (FN) 
and their flux difference (FN−FW)/FN in the separation test at a feed/sweep flow rate of 90/19.6 l/min.
Since the H2/N2 selectivity of the three membranes was still good enough after the separation test, the 
reactor tubes were filled up with commercial noble metal catalyst for water-gas shift reaction. The same 
conditions as in the separation test were use, and the inhibition effect of WGS-components in the absence 
of catalyst was examined in the same way. As shown in Figure 7, the H2 flux from WGS-mixtures (FW) is 
compared with that from H2/N2 mixtures (FN) in the shift test. Note that FW has been corrected with the 
amount of H2 formed in the shift test . It can be seen that there is negligible difference between FW and FN,  
different from the situation in the separation test where FW was observed to approx. 20% lower than FN.  
The “non-inhibitive” situation in the shift test was probably due to the lower local CO concentration on the 
membrane surface as a result of the reaction and adsorption of CO on the catalyst. This will be further 
examined in the future.
Figure 7: Feed pressure dependence of H2 of H2 permeation flux of WGS -mixtures (FW), H2/N2 mixtures 
(FN) in the shift test at a feed/sweep flow rate of 90/19.6 l/min
In the shift test, the CO conversion and H2 recovery were both investigated under different feed pressures 
and feed flow rates to get some insight about the feasibility of WGS membrane reactor for CO2 capture. As 
shown in Figure 8 and Figure 9, the CO conversion and H2 recovery increased with feed pressure but 
decreased with feed flow rate. It has been mentioned above that the WGS-mixture was in equilibrium at
623 K but with a negative equilibrium conversion at 673 K, thus the CO conversion of only 20% at a 
feed/permeate pressure of 20/15 bar(a) and feed flow rate of 90 l/min (space velocity: 9000 m3/m3.h) was 
already quite high. The maximum CO conversion was achieved as 92% at a feed/permeate pressure of 
35/15 bar(a) and a feed flow rate of 30 l/min (space velocity: 3000 m3/m3.h), and the maximum H2
recovery was also achieved as 92% at the same condition, which is already close to the recovery required 
for CO2 capture in NGCC [8].
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Figure 8: CO conversion in the shift test as a function of feed pressure and feed flow rate with a sweep 
fl ow rate of 19.6 l/min at 15 bar(a).
Figure 9: H2 recovery in the shift test as a function of feed pressure and feed flow rate with a sweep flow 
rate of 19.6 l/min at 15 bar(a).
4. Conclusions
    In the pre-combustion CO2 capture, Pd membrane is a promising option when integrated in the WGS 
section in the natural gas combined-cycle power plant (NGCC) where it is downstream the autothermal 
reformer and shift reactor. Both the WGS membrane separator and WGS membrane reactor are feasible
options for CO2 capture. In this study, we carried out both the WGS-mixture separation and WGS reaction 
tests in a bench-scale multi-tube membrane reactor with 3 Pd membranes of 44 cm long in parallel 
configuration, with the feeding mixture of typical WGS composition representing the reformate gas from 
an oxygen-fed autothermal reformer followed by a shift -reactor (623 K equilibrium shifted), under near
practical working conditions: T = 673 K, pfeed = 20-35 bar(a), pperm = 15 bar(a). In the separation test, the 
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inhibition effect of WGS component lowered the H2 permeation flux by approx. 20% compared to same 
amount H2/N2 mixtures, which became more significant at a higher feed pressure. In the presence of WGS 
catalyst, no inhibitive effect was observed. In the WGS reaction test, the CO conversion and H2 recovery 
both increased with feed pressure and decreased with feed flow rate, with the maximum both achieved as 
92% at a feed/permeate pressure of 35/15 bar(a), which is favourable for CO2 capture.
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